Laser-capture microdissection (LCM) allows for the one-step procurement of large homogeneous populations of cells from tissue sections. In mammals, LCM has been used to conduct cDNA microarray and proteomics studies on specific cell types. However, LCM has not been applied to plant cells, most likely because plant cell walls make it difficult to separate target cells from surrounding cells and because ice crystals can form in the air spaces between cells when preparing frozen sections. By fixing tissues, using a cryoprotectant before freezing, and using an adhesive-coated slide system, it was possible to capture large numbers ( Ͼ 10,000) of epidermal cells and vascular tissues (vascular bundles and bundle sheath cells) from ethanol:acetic acid-fixed coleoptiles of maize. RNA extracted from these cells was amplified with T7 RNA polymerase and used to hybridize a microarray containing ‫ف‬ 8800 maize cDNAs. Approximately 250 of these were expressed preferentially in epidermal cells or vascular tissues. These results demonstrate that the combination of LCM and microarrays makes it feasible to conduct high-resolution global gene expression analyses of plants. This approach has the potential to enhance our understanding of diverse plant cell type-specific biological processes.
INTRODUCTION
The growth and development of plants depends to a large degree on the organ-and/or cell type-specific expression of genes. Although in situ RNA hybridization experiments can provide gene expression data at high resolution, this technique is not suitable for the study of large numbers of genes. The recent development of genome-wide gene expression profiling has advanced our understanding of the regulatory networks that control plant growth and development (reviewed by Cushman and Bohnert, 2000; Breyne and Zabeau, 2001) . cDNA microarrays (reviewed by Richmond and Somerville, 2000; Aharoni and Vorst, 2001 ) make it possible to examine the expression of large numbers of genes whose transcript levels change between two "states" and to develop hypotheses regarding how these genes function and how their gene products interact.
However, it can be difficult to collect enough of a specific tissue to isolate the 1 to 2 g of mRNA typically required to conduct microarray hybridization (Duggan et al., 1999; Richmond and Somerville, 2000) . Furthermore, it is difficult to specifically collect single cell types from plant organs. Thus, many microarray studies use RNA extracted from a mixture of tissues and/or cell types (Girke et al., 2000) . These limitations make it difficult to analyze the expression of large numbers of plant genes at high resolution (i.e., in specific cell types). High-resolution gene expression analysis of specific plant tissues or cells promises to provide more information on diverse biological processes in individual cell types.
At least two approaches to collecting specific cell types from plant tissues have been reported (Karrer et al., 1995; Brandt et al., 1999; Kehr, 2001 ). The first is to sample single cells from living plant tissues using microcapillaries (Karrer et al., 1995; Brandt et al., 1999) . Karrer et al. (1995) reported a method for the isolation of mRNA and the preparation of a cDNA library from tomato leaf epidermal or guard cells by aspiration with microcapillaries. Linear amplification of RNA (e.g., via T7 RNA polymerase-based [T7-based] RNA amplification) (Van Gelder et al., 1990; Eberwine et al., 1992 ) from a small amount of RNA is needed for DNA microarrays. However, the amplification of RNA extracted by this method often fails (Karrer et al., 1995) , which makes it difficult to apply this method to microarray analysis.
Furthermore, this method is limited to surface cells, because it is difficult to identify specific cell types in the center of intact organs. To identify nonsurface cells, Brandt et al. (1999) developed transgenic plants that carry a nonsurface cell (e.g., companion cell)-specific promoter fused to a gene for green fluorescent protein. In this method, an RNA sample is collected from companion cells labeled by the expression of green fluorescent protein (Brandt et al., 1999) . However, a disadvantage of this method is that it requires the use of cell-specific promoters, and relatively few such promoters are available. A second way to collect specific cell types is to use protoplasts. In general, however, the preparation of protoplasts from intact plant tissues is time consuming. Of greater concern is the fact that gene expression patterns change during protoplast preparation (Grosset et al., 1990) . Thus, this method is unlikely to be useful for monitoring gene expression in specialized cell types.
In mammals, laser-capture microdissection (LCM) has been used to obtain populations of specific cell types from tissue sections and to conduct microarray experiments (EmmertBuck et al., 1996; Simone et al., 1998; Luo et al., 1999) . Briefly, a tissue section that contains the cell type of interest is placed on a microscope stage and then covered with a transparent transfer film (a thermoplastic polymer film) carrier. A laser beam then is targeted on the cells of interest. This activates the transfer film and causes it to fuse to the target cells. The fused cells then are separated from the rest of the tissue. To increase the number of cells acquired, this process can be repeated many times using new tissue sections. RNA is extracted from the captured cells and amplified using the T7-based RNA amplification method. It is possible to conduct microarray experiments with the mRNA isolated from as few as 1000 captured cells (Luo et al., 1999) .
The application of the LCM technique to plant cells has not been reported, most likely because of their small sizes, the presence of air spaces between them, and their rigid cell walls (Kehr, 2001) . If plant tissues are frozen before fixation, large ice crystals often form in the air spaces between tissues and cells, damaging cell morphology (see http://www.arctur.com/support /faq_pixcellIIe.htm). Moreover, plant cells are connected by strong cell walls (Carpita and McCann, 2000) , which cause surrounding cells to remain attached to the target cells during LCM. To solve these technical challenges, specimens were fixed and treated with a cryoprotectant under vacuum before freezing in combination with an adhesive-coated slide system. Here, we report the application of LCM to specific cell types of maize. The cells were obtained from the epidermis and vascular tissues (vascular bundles and bundle sheath cells) of coleoptiles from maize seedlings. RNA extracted from the captured cells was amplified using a highly reproducible T7-based RNA amplification method. The amplified RNA then was hybridized to a maize cDNA microarray.
RESULTS

LCM and RNA Amplification
To obtain reliable microarray results, LCM must produce a sufficient amount of RNA of high integrity. LCM conditions were optimized for the epidermis and vascular tissues of the coleoptiles of maize seedlings.
Two types of chemical fixatives are used widely for the preservation of tissues (Ruzin, 1999) . The first type are coagulating fixatives (e.g., alcohol and acetone), which denature proteins and transform protoplasm into an artificially interconnected network. The other type are cross-linking (noncoagulating) fixatives (e.g., aldehydes), which chemically cross-link protoplasmic components (proteins and lipids), fixing them in situ. Crosslinking fixatives are better at preserving cell structure. The effects of fixative type on the quantity and quality of RNA extracted from LCM samples were compared. The morphologies of tissue sections fixed with 37-40% formaldehyde/glacial acid/95% ethyl alcohol (10%:5%:50%, v/v) (FAA), a cross-linking fixative, were better than those fixed with 75% ethanol and 25% acetic acid (data not shown). However, fixation with the coagulating fixative (75% ethanol and 25% acetic acid) resulted in much better RNA yields than fixation with FAA (data not shown). It appears that the RNA extracted from FAA-fixed tissues was degraded, because reverse transcriptase-mediated PCR products were obtained from the RNAs extracted from LCM tissues fixed with 75% ethanol and 25% acetic acid but not from LCM tissues fixed with FAA (data not shown).
Tissues were frozen because frozen mouse liver tissues yield more RNA and reverse transcriptase-mediated PCR products than do LCM samples from paraffin-embedded tissues (Goldsworthy et al., 1999) . However, if plant tissues are frozen before fixation, the presence of air spaces between cells and tissues may facilitate ice crystal formation, which damages cell morphology. To overcome this problem, maize seedlings were gently infiltrated and fixed under vacuum and treated with Suc solutions (see Methods). This greatly improved cell morphologies in the sections (data not shown).
The existence of the cell wall complicates the application of LCM to plants. Thus, the next hurdle was to minimize contamination with undesired cells surrounding the target cells. An adhesive-coated slide system was used to attach tissue sections tightly to slides (see Methods). The use of the adhesive required LCM to be conducted under relatively strong conditions (see Methods) to make the target cells fuse to the transfer film firmly and separate the LCM cells from other cells efficiently.
Of the conditions tested, freezing damage was minimized and PCR amplification was maximized using 6-m-thick sections fixed in 75% ethanol and 25% acetic acid ( Figure 1 ). As shown in Table 1 , two sets of epidermal cells and two sets of vascular tissues, each containing Ͼ 10,000 cells, were obtained. Each set yielded ‫ف‬ 40 ng of RNA, corresponding to a few picograms of RNA per cell. After the second round of T7-based RNA amplification, RNA was amplified Ͼ 60,000-fold.
Reproducibility of RNA Amplification
A microarray experiment was performed to assess the fidelity of T7-based RNA amplification. Two independent secondround T7-based RNA amplifications were conducted (aRNA1 and aRNA2) using 40 ng of RNA from coleoptiles. This is the same amount of RNA obtained in an LCM experiment (Table 1) . Amplified RNA was labeled individually with Cy3 or Cy5 dye.
Two microarray hybridizations were performed, one using Cy3-aRNA1 and Cy5-aRNA2 and another using Cy5-aRNA1 and Cy3-aRNA2. A small percentage (3.08%) of the spots in the Cy5-aRNA1 versus Cy3-aRNA2 comparison and 2.79% of the spots in the Cy3-aRNA1 versus Cy5-aRNA2 comparison exhibited aRNA1/aRNA2 signal ratio differences of Ͼ 2 or Ͻ 0.5. By contrast, only 0.24% of the spots exhibited aRNA1/aRNA2 signal ratio differences of Ͼ 2 or Ͻ 0.5 in both experiments.
As shown in Figure 2 , a linear relationship was observed between the ratios of signal intensities for aRNA1 and aRNA2 in both experiments. The correlation coefficient between the Cy5-aRNA1 and Cy3-aRNA2 data sets was 0.93, and that between the Cy3-aRNA1 and Cy5-aRNA2 data sets was 0.94. Thus, these results demonstrate that independent T7-based RNA amplifications from the same RNA sample are quite reproducible.
Identification of Genes Expressed Differentially in Epidermis or Vascular Tissues
RNA was extracted from epidermal cells and vascular tissues collected via LCM and from whole coleoptiles. RNA from the second round of T7-based RNA amplification was reverse-transcribed and labeled with Cy3 or Cy5. Microarray analyses were used to compare global patterns of gene expression between epidermal cells and vascular tissues, between epidermal cells and whole coleoptiles, and between vascular tissues and whole coleoptiles. Each of the three comparisons was based on four hybridizations involving two independently isolated RNA samples and a dye swap. In addition, each cDNA was duplicate spotted on the microarray. A gene was deemed to be differentially expressed only if at least six of the eight corresponding spots exhibited at least a twofold statistically significant difference in signal intensities between the two RNA samples.
In the comparisons involving epidermal cells versus vascular tissues and epidermal cells versus coleoptiles, 130 of the ESTs that met the signal intensity requirement (see Methods) were expressed at levels at least twofold higher in epidermal cells (Table 2) ; 21 were expressed at higher levels in epidermal cells in both comparisons. In the two comparisons involving vascular tissues (vascular tissues versus epidermal cells and vascular tissues versus coleoptiles), 137 ESTs that met the signal intensity requirement were expressed at levels at least twofold higher in vascular tissues; 30 were expressed at higher levels in vascular tissues in both comparisons.
The 130 ESTs that were expressed preferentially in epidermal cells represent 125 unique genes, including 61 that do not have any statistically significant matches in GenBank. The genes that were expressed preferentially in epidermal cells and for which functions can be predicted are listed in Table 3 . They were grouped into the following categories according to their functions: (1) shikimate pathway and secondary metabolism; (2) defense; and (3) others. The supplemental data online include a listing of novel genes that are expressed preferentially in epidermal cells.
The 137 ESTs that were overexpressed in vascular tissues 
DISCUSSION
Application of LCM to Plant Tissues
LCM has been used to study cell type-specific expression in animal tissues (Luo et al., 1999; Sgroi et al., 1999; Trogan et al., 2002) , but it has not been used to facilitate the microarray analysis of plant tissues. This report demonstrates that LCM-mediated cDNA microarray analyses can be used to conduct global profiling of gene expression on individual types of plant cells and tissues. We report here LCM-based methods to isolate epidermal cells and vascular tissues of maize free of detectable contamination with intact nontarget cells (Figure 1 ). RNA samples isolated from these cells were amplified using a highly reproducible procedure ( Figure 2 ) and then hybridized to a maize cDNA microarray. Approximately 1.5% (130 of 8791) of the cDNAs were expressed preferentially in epidermal cells compared with vascular tissues and/or total coleoptiles. A similar percentage (137 of 8791) were expressed preferentially in vascular tissues compared with epidermal cells and/or total coleoptiles. Because the coleoptile consists of multiple cell types, those genes that were expressed preferentially in epidermal cells or vascular tissues compared with total coleoptiles are the best candidates for having cell-or tissue-specific expression. The finding (see below) that some genes found in this study to be expressed preferentially in epidermal cells or vascular tissues were reported previously to be expressed predominantly in epidermal cells or vascular tissues of one or more plant species (including maize) validates the procedures reported here as being reliable and meaningful for high-resolution, global gene expression analyses of plant systems. One of the greatest challenges of the postgenomic era is to define the functions of the thousands of novel genes discov- Independent amplifications (aRNA1 and aRNA2) were performed using a single source of RNA isolated from coleoptiles. The amplified RNAs were compared with each other by microarray analysis. ESTs with greater than twofold differences in signal intensity between the two amplified RNAs are plotted outside the angle. ESTs with expression ratios of Ͼ 2 in at least six of eight replicates (2 biological replications ϫ 2 technical replications [dye swaps] ϫ 2 spots per slide) and that are statistically significant based on one-tailed Student's t tests (95% confidence level) are listed. E, epidermal cells; V, vascular tissues; C, coleoptiles.
ered by genome sequencing projects. One important clue to a gene's physiological function is its expression pattern. This report provides cell type-specific expression data for Ͼ 120 novel maize genes (see supplemental data online). As such, it suggests one means by which the plant biology community can further its goal of defining the functions of all of the genes in Arabidopsis by 2010. It needs to be noted, however, that it will be necessary to optimize LCM conditions for each target cell type (e.g., other species or other maize cell types). For example, the conditions used in this study might not be appropriate for the capture of cells whose diameters are Ͻ 10 m, because the area fused by the laser pulse was Ͼ 10 m (data not shown). Similarly, although minimal contamination with nontarget cells was observed in the 6-m-thick sections used in this study, thicker sections (i.e., 10-m-thick sections) were contaminated with nontarget cells (data not shown).
Genes Expressed Preferentially in Epidermis
Shikimate Pathway and Secondary Metabolism
This study identified a gene that encodes a protein involved in the shikimate pathway, chorismate synthase (MEST11-D08), and several genes that encode proteins that function in the phenylpropanoid and phenylpropanoid acetate pathways as being expressed preferentially in epidermal cells of coleoptiles (Table 3) . These include Phe ammonia-lyase (707081G08), cinnamic acid 4-hydroxylase (606005D06), and cinnamyl alcohol dehydrogenase (CAD; 683003F08). These findings are consistent with the observation that flavonoids often are present in the epidermal cells of leaves and petals (reviewed by WinkelShirley, 2002) and that some phenylpropanoid derivatives function as UV light protectants, phytoalexins, and wound protectants in the outer layers, including the epidermis (Croteau et al., 2000; Hammond-Kosack and Jones, 2000) .
Acetyl-CoA carboxylase (ACCase) catalyzes the ATP-dependent carboxylation of acetyl-CoA to form malonyl-CoA in the plastid or cytosol (Konishi et al., 1996; Rawsthorne, 2002) . In most nongraminaceous plants, two forms of ACCase have been found: one is a prokaryotic-type enzyme (plastid), and the other is a eukaryotic-type enzyme (cytosol). By contrast, in graminaceous plants, such as maize, both plastidic ACCase and cytosolic ACCase are eukaryotic-type enzymes (Konishi et al., 1996) . The plastidic ACCase plays an important role in fatty acid biosynthesis in the plastid (Rawsthorne, 2002) , whereas the cytosolic ACCase is thought to provide malonyl-CoA for the biosyntheses of flavonoids and cuticular wax (Fatland et al., 2000) . This study identified the cDNA clone that encodes cytosolic ACCase (614032C03) as being expressed preferentially in epidermal cells. This finding is consistent with the report that cytosolic ACCase activity was detected in epidermis lysates of pea leaves (Alban et al., 1994) .
The gene for N -hydroxycinnamoyl/benzoyltransferase (HCBT; MEST23-D02) also was found among genes that exhibited epidermis-enhanced expression (Table 3) . HCBT catalyzes the first committed reaction in the biosynthesis of phytoalexin (i.e., the formation of N -benzoylanthranilate from benzoyl-CoA and anthranilate) (Yang et al., 1997 (Yang et al., , 1998 . Benzoyl-CoA is supplied by the ␤ -oxidation of cinnamoyl-CoA, whereas anthranilate is formed from chorismate, which is produced by the action of chorismate synthase in the shikimate pathway (Yang et al., 1997 (Yang et al., , 1998 . These results suggest that HCBT is localized preferentially in the epidermis.
Enzymatic O -methylations of many compounds, such as phenylpropanoids and flavonoids, are catalyzed by O -methyltransferases (OMTs), which differ in the specificities of their substrates (Ibrahim et al., 1998) . As shown in Table 3 , two classes of cDNA clones that encode OMT were identified as having epidermis-enhanced expression. One is the OMT characterized as a maize herbicide safener binding protein1 (SBP1) (Scott-Craig et al., 1998) . SBP1 is most abundant in the coleoptiles and least abundant in the leaves (Scott-Craig et al., 1998) . The OMTs (614039F12 and 486051D10) that exhibit epidermis-enhanced expression are similar to, but distinct from, the maize ZRP4 protein (Held et al., 1993) . The zrp4 mRNA accumulates mainly in the endodermis, with lower levels in the root exodermis (Held et al., 1993) . Unlike ZRP4, the OMT identified in this study appears to be expressed preferentially in the epidermis of maize coleoptiles. (Table 3) . Because the epidermis protects plants from pathogens and insects (Hammond-Kosack and Jones, 2000), it is not surprising that a variety of genes related to plant defense are expressed preferentially in epidermal cells.
Defense
Other Proteins
Although the precise biological roles of lipid transfer proteins are not known, they may be involved in somatic embryogenesis (Coutos-Thevenot et al., 1993) , wax assembly (Hollenbach et al., 1997) , and defense against pathogens (reviewed by Blein et al., 2002) . ESTs (486030E08 and 606031G01) that encode two lipid transfer proteins were identified as being expressed preferentially in epidermal cells (Table 3 ). This finding is consistent with the report that the ltp 7a2b gene that encodes barley lipid transfer protein is expressed preferentially in the leaf epidermis (Hollenbach et al., 1997) .
Genes Expressed Preferentially in Vascular Tissues
Transporters and Aquaporins
The uptake of inorganic nutrients, such as potassium, nitrogen, phosphate, and sulfate, and divalent cations, such as calcium, iron, copper, and zinc, is initiated by roots. Their long-distance transport depends on vascular tissues (Fisher, 2000) . As shown in Table 4 , genes that encode a sulfate transporter, aquaporins (water channels), and a membrane transporter were identified as being expressed preferentially in vascular tissues. Aquaporins are water channel proteins that belong to the major intrinsic protein superfamily and that transport water and neutral solutes across membranes (reviewed by Johansson et al., 2000; Chaumont et al., 2001) . Plant aquaporins are classified as plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins, NOD26-like intrinsic proteins (NIPs), and small and basic intrinsic proteins (Chaumont et al., 2001) . Here, genes that encode ZmPIP1-4 (603023D01), ZmPIP2-6 (603028B08), and ZmNIP3-1 (606039D11) were shown to be expressed preferentially in vascular tissues (Table 4) . Many aquaporins, especially PIPs and tonoplast intrinsic proteins, are expressed in vascular tissues (e.g., xylem parenchyma) in stems and leaves (Yamada et al., 1995; Barrieu et al., 1998) .
Metal Binding and Metal Homeostasis
Micronutrients such as iron, zinc, and copper are essential to plant growth, but in excess they can be toxic. Therefore, intracellular levels of free metals are regulated tightly by the action of metalloproteins (Kochian, 2000; Mira et al., 2001 ). Metallothioneins are low molecular mass, Cys-rich, metal binding proteins (reviewed by Cobbett and Goldsbrough, 2002) . Metallothionein genes are highly expressed in the vascular tissues of some plants (García-Hernández et al., 1998; Cobbett and Goldsbrough, 2002) , suggesting that they play a role in metal ion transport (Cobbett and Goldsbrough, 2002) . A maize gene that encodes a metallothionein-like protein is expressed abundantly in bundle sheath strands (Furumoto et al., 2000) . The identification in this study of metallothionein-like protein genes (496008B02 and 606021A06) as having preferential expression in vascular tissues is consistent with the report of Furumoto et al. (2000) .
The copper chaperone CCH is a homolog of the yeast Atx1 protein. Atx1 functions in intracellular copper homeostasis by binding copper ions and delivering them to a copper transporter (Harrison et al., 2000; Mira et al., 2001) . The cDNA clone 618002E08 encodes a protein with high similarity to the Arabidopsis CCH protein, which accumulates in sieve elements of stems and leaves and also exists in phloem exudates (Mira et al., 2001) .
Graminaceous plants, such as maize, acquire iron ions through roots from soil by strategy II, which involves the secretion from the roots of iron-chelating mugineic acid family phytosiderphores to solubilize iron in the rhizosphere (reviewed by Mori, 1999) . Nicotianamine synthase is a key enzyme in the 
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Significant differences (P Ͻ 0.05) were determined by one-tailed Student's t test. E, epidermal cells; V, vascular tissues; C, coleoptiles. a ESTs with the same contig number cluster with CAP3 (Huang and Madan, 1999) . b Ratio of mean signal intensity of channel 1 in eight spots to mean signal intensity of channel 2 in eight spots (duplicate spots in four hybridizations). c N, BLASTN (Basic Local Alignment Search Tool N); X, BLASTX. synthetic pathway for mugineic acids and catalyzes the trimerization of S-adenosyl Met (SAM) to form nicotianamine (Higuchi et al., 1999) . Nicotianamine is thought to function not only as an intermediate in the synthesis of mugineic acid family phytosiderphores but also as an endogenous chelator of divalent metal cations (e.g., Fe 2ϩ , Zn 2ϩ , Cu 2ϩ , and Mn 2ϩ ) in xylem and phloem (Stephan et al., 1994; Higuchi et al., 1996) . Consistent with this view, a maize nicotianamine synthase (496030C04) is expressed preferentially in the vascular tissues of coleoptiles. Similarly, OsNAS1 is expressed at high levels in the vascular bundles of rice (S. Mori and N.K. Nishizawa, personal communication).
Lignin Biosynthesis
During the differentiation of tracheary elements, after the elongation of the primary wall, the lignified secondary wall is laid down (reviewed by Fukuda, 1997; Ye, 2002) . Here, a gene (614011B10) that encodes CAD, which is involved in the biosynthesis of lignin (Humphreys and Chapple, 2002) , was shown to be expressed preferentially in vascular tissues. This finding is consistent with a report that CAD is expressed during the tracheary element differentiation of zinnia (Fukuda, 1997; Milioni et al., 2001 ). The maize CAD gene (614011B10; Table 4 ) that is expressed preferentially in vascular tissues is distinct (44.1% amino acid identity) from the CAD gene (683003F08; Table 3 ) that is expressed preferentially in epidermal cells. Hence, maize contains at least two differentially expressed CAD genes.
Proteolysis
Genes that encode two kinds of Cys proteases are expressed preferentially in vascular tissues. One (MEST19-E10 and 606029E11) is homologous with the Arabidopsis xylem-specific papain-like proteases XCP1 and XCP2 (Zhao et al., 2000) ; the 
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Carbonic anhydrase (CAH1) [Arabidopsis thaliana] (NP_566971) 5e-10 (X) Significant differences (P Ͻ 0.05) were determined by one-tailed Student's t test. E, epidermal cells; V, vascular tissues; C, coleoptiles. a ESTs with the same contig number cluster with CAP3 (Huang and Madan, 1999) . b Ratio of mean signal intensity of channel 1 in eight spots to mean signal intensity of channel 2 in eight spots (duplicate spots in four hybridizations). c N, BLASTN (Basic Local Alignment Search Tool N); X, BLASTX.
other (606054C10) is homologous with Cys proteases from barley and rice (Watanabe et al., 1991) . Genes that encode ubiquitin-conjugating enzyme (UBC) (606061G09 and 606067D11) and ubiquitin-specific protease12 (UBP12) (606032C10) are expressed preferentially in maize vascular tissues. UBC and UBP12 are involved in the ubiquitinproteasome system (reviewed by Vierstra, 1996) . It has been reported that ubiquitin and the proteasome accumulate in the vascular tissues as well as in the shoot or root apical meristem of sunflower (Ingvardsen et al., 2001) . Similarly, UBCs are highly expressed in vascular tissues of Arabidopsis (Thoma et al., 1996) .
Other Proteins
A gene that encodes phosphoenolpyruvate carboxykinase (603015D08) was found to exhibit preferential expression in vascular tissue. Phosphoenolpyruvate carboxykinase is a bundle sheath cell-specific enzyme that plays a role in the decarboxylation of aspartate and in C 4 photosynthesis in bundle sheath cells (Furumoto et al., 1999 (Furumoto et al., , 2000 Wingler et al., 1999) .
Another gene (MEST28-E06) that is expressed preferentially in the vascular tissues is homologous with the Arabidopsis carbonic anhydrase CAH1. There are three subfamilies of carbonic anhydrases (␣, ␤, and ␥; reviewed by Hewett-Emmett and Tashian, 1996) . In maize, a ␤-type carbonic anhydrase, which catalyzes the conversion of CO 2 to HCO 3 Ϫ and plays a key role in CO 2 fixation during photosynthesis, is localized in the cytosol of mesophyll cells (reviewed by Ku et al., 1996) . The protein encoded by the maize gene MEST28-E06 and the Arabidopsis CAH1 belong to the ␣ subfamily of carbonic anhydrases.
A maize cystathionine ␥-synthase (606029B01) gene also is expressed preferentially in vascular tissues of coleoptiles. Cystathionine ␥-synthase is a key enzyme in the biosynthesis of Met, and its expression is regulated post-transcriptionally in Arabidopsis (Chiba et al., 1999; Amir et al., 2002) . Met is not only necessary for protein synthesis but also is required as a precursor for the biosynthesis of SAM, which is important for the production of plant metabolites such as ethylene, polyamines, vitamin B1, lignin, and the iron chelator mugineic acid (Amir et al., 2002) . The gene for SAM synthetase (e.g., SAMS1), which catalyzes the conversion of Met to SAM, is expressed primarily in vascular tissues (Peleman et al., 1989) .
Conclusion
The combined use of LCM and cDNA microarray techniques will make it feasible to produce databases that contain gene expression profiles for a large number of specific cell types (Luo et al., 1999) and, subsequently, in combination with genomic sequences, to identify a variety of cell type-specific regulatory sequences. Access to these regulatory sequences will provide plant researchers with greater flexibility to design transgenic plants that are not dangerous to humans or the environment. In addition, by providing cell-specific expression patterns for thousands of genes, these analyses promise to enhance our understanding of plant growth and development.
METHODS
Plant Materials, Growth, and Fixation for Laser-Capture Microdissection
Maize (Zea mays inbred line B73) kernels were placed on germination paper (Anchor Paper, Hudson, WI), rolled up in the paper, placed in a beaker with water, and incubated in the light at 25ЊC for 7 days, as described by Wen and Schnable (1994) .
Five-micrometer-thick cross-sections of these seedlings were fixed immediately on ice in 75% (v/v) ethanol and 25% (v/v) acetic acid. This fixative was infiltrated into the sections under vacuum (400 mm of Hg) for 15 min on ice. The vials containing sections in the fixative were swirled on a rotator at 4ЊC for 1 h. The vacuum infiltration/swirl steps were repeated twice. To minimize the formation of ice crystals, sections were transferred to 10% (w/v) Suc, which was prepared with diethyl pyrocarbonate-treated PBS buffer (137 mM NaCl, 8.01 mM Na 2 HPO 4 , 2.68 mM KCl, and 1.47 mM KH2PO4, pH 7.3). The Suc solution was infiltrated into the sections under vacuum (400 mm of Hg) on ice for 15 min. The vials were swirled on the rotator at 4°C for 1 h. The Suc solution was exchanged for 15% (w/v) Suc (in diethyl pyrocarbonate-treated PBS buffer). The vacuum infiltration/swirl step was conducted as described above. The sections were embedded in TissueTek OCT medium (Sakura Finetek USA, Torrance, CA), frozen in liquid nitrogen, and stored at Ϫ80°C.
Cryosectioning and Dehydration of Sections
The tissues were sectioned at 6 m in a cryostat and mounted on an adhesive-coated slide using the CryoJane Tape-Transfer System (Instrumedics, Hackensack, NJ) at Ϫ20ЊC. Briefly, tissue sections were captured on an adhesive tape window (Instrumedics) as they were being cut. The sections then were laminated to an adhesive-coated slide. The sections were anchored tightly on the slide by a flash of UV light (360 nm) and the tape was removed, leaving the sections on the slide. The frozen sections were treated immediately in 70% (v/v) ethanol at Ϫ20ЊC for 1 min, followed by dehydration steps of 0.5 to 1 min each in 95% (v/v) ethanol and 100% (v/v) ethanol and dehydration for 2 min in xylene twice. Sections were kept in xylene until used for laser-capture microdissection (LCM) (for 0.5 to 1 h).
LCM
The PixCell II LCM system (Arcturus, Mountain View, CA) was used for LCM. Once tissue sections were air-dried, the target cells were lasercapture microdissected according to the manufacturer's instructions. LCM conditions were as follows: laser spot size of Ͻ7.5 m, laser power of 100 mW, and laser pulse duration of 3 ms. Each laser pulse was estimated to capture three cells from the epidermis and eight cells from the vascular tissues. These capture rates were multiplied by the number of laser pulses used in a capture experiment to estimate the number of cells captured.
RNA Extraction and Isolation of Poly(A ؉ ) RNA
RNA was extracted from LCM samples using the Absolutely RNA Microprep Kit (Stratagene, La Jolla, CA) according to the manufacturer's protocol. RNA was extracted from whole maize coleoptiles (4 g) using Trizol reagent (Invitrogen, Carlsbad, CA) according to the reagent manual. RNA concentrations were measured using a sensitive fluorescent nucleic acid stain (RiboGreen RNA Quantitation Reagent; Molecular Probes, Eugene, OR) on a model F-2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) (excitation wavelength of 480 nm, emission wavelength of 520 nm).
T7 RNA Polymerase-Based RNA Amplification T7 RNA polymerase-based (T7-based) RNA amplification was performed according to the method of Luo et al. (1999) except that T4 gene 32 protein was added to the reaction of the first-strand synthesis (Baugh et al., 2001 ). For first-round T7-based RNA amplification, total RNA (35 to 43 ng) extracted from the captured samples or whole coleoptiles was mixed with 0.5 g of T7-oligo(dT) primer (5Ј-TCTAGTCGACGGCCAGT-GAATTGTAATACGACTCACTATAGGGCGTTTTTTTTTTTTTTTTTTTTT-3Ј). The mixture (10.5 L) was incubated at 65ЊC for 10 min, chilled on ice for 5 min, and incubated at 42ЊC for 5 min. Then, 4 L of 5ϫ first-strand reaction buffer (250 mM Tris-HCl, pH 8. , and 91 L of water were added and incubated at 16ЊC. After 2 h, 2 L of T4 DNA polymerase (3 units/L; New England Biolabs) was added, and the reaction mixture was incubated at 16ЊC for 10 min.
After extraction with phenol:chloroform (1:1) and chloroform, cDNA was purified on a Microcon YM-30 column (Millipore, Bedford, MA) and then dried down to 8 L. In vitro transcription was performed using the MEGAscript T7 kit (Ambion, Austin, TX). Two microliters of 10ϫ transcription buffer, 2 L each of 75 mM ATP, CTP, GTP, and UTP, and 2 L of the T7 RNA polymerase enzyme mixture were added to 8 L of the double-stranded cDNA. The reaction mixture was incubated at 37ЊC. After 5 h, 1 L of RNase-free DNase I (2 units/L; Ambion) was added, and the reaction mixture was incubated at 37ЊC for 15 min. The amplified RNA was purified on a Microcon YM-30 column and dried down to 10 L.
For second-round T7-based RNA amplification, 10 L of amplified RNA was mixed with 1 L of 1 g/L random hexamers (Roche Diagnostics). The mixture was incubated at 70ЊC for 10 min, followed by treatment on ice for 5 min and at room temperature for 10 min. Four microliters of 5ϫ first-strand reaction buffer, 2 L of 0.1 M DTT, 1 L of 10 mM dNTPs, 0.5 L of RNase inhibitor (40 units/L), 0.5 L of T4 gene 32 protein (5 g/L), and 1 L of Superscript II (200 units/L) were added, and the mixture was incubated at 37ЊC for 1 h. One microliter of RNase H (5 units/L) was added and incubated at 37ЊC for 30 min. The mixture was incubated at 95ЊC for 2 min and chilled on ice for 5 min. Subsequently, 1 L of 0.5 g/L T7-oligo(dT) primer was added. The mixture was incubated at 70ЊC for 5 min and then at 42ЊC for 10 min. The reaction mixture, which consisted of 22 L of first-strand cDNA/T7-oligo(dT) primer mixture, 15 L of 10ϫ E. coli DNA polymerase I buffer, 3 L of 10 mM dNTPs, 15 L of 260 M ␤-NAD ϩ , 4 L of E. coli DNA polymerase I (10 units/L), 1 L of RNase H (2 units/L), and 90 L of water, was incubated at 16ЊC for 2 h. Two microliters of T4 DNA polymerase (3 units/ L) was added, and the reaction mixture was incubated at 16ЊC for 10 min. After extraction with phenol:chloroform (1:1) and chloroform, cDNA was purified on a Microcon YM-30 column (Millipore) and then dried down to 8 L. In vitro transcription was conducted as described above. The amplified RNA was purified with an RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions.
Preparation of the Microarray
ESTs used on the microarray were derived from two sources: 8832 cDNA clones from Unigene Set 1 developed by the National Science Foundation maize genome project at Stanford University (www.zmdb. iastate.edu), and an additional 1152 cDNAs from libraries (ISUM3 and ISUM4) prepared as part of a National Science Foundation Plant Genome Project at Iowa State University (http://www.pslab.agron.iastate. edu/research/genomics/htp_est/libraries.pdf).
The inserts from the cDNA clones were amplified by PCR from E. coli cultures using appropriate vector primers in 100-L PCR procedures. The final PCR concentrations were as follows: 0.2 mM dNTP, 0.2 M each primer, 1ϫ PCR buffer (200 mM Tris-HCl, pH 8.4, and 500 mM KCl), 2.5 mM MgCl 2 , and 0.5 units of Taq polymerase (GIBCO). The PCR program was as follows: 35 cycles of 95ЊC for 3 min, 95ЊC for 30 s, 54ЊC for 30 s, 72ЊC for 2 min, and 72ЊC for 2 min. Five microliters of each PCR product was analyzed by 1% agarose gel electrophoresis to examine amplification quality and quantity. Based on these analyses, 8791 cDNAs were amplified successfully. Hybridization signals associated with microarray spots corresponding to reactions that resulted in no product or a smear were not analyzed.
PCR products were purified using Millipore 96-well multiscreen filter plates (LSKC09601) according to the manufacturer's manual, dried in a Speed-Vac (Savant Instruments, Holbrook, NY), and resuspended in 10 L of double-distilled water, resulting in DNA concentrations of 200 to 800 ng/L. Purified PCR products (2.5 L) were transferred to 384-well plates containing 2.5 L of DMSO and stored at 4ЊC until they were needed for printing.
PCR-amplified cDNA inserts were printed in duplicate in an 18-ϫ 54-mm grid consisting of 48 subgrids on aminosilane-coated microscope slides (Corning, Corning, NY). Printing was conducted using a PixSys 5500 arraying robot (Cartesian Technologies, Irvine, CA) equipped with 16 ChipMaker3 pins (TeleChem International, San Jose, CA) according to published methods (Hegde et al., 2000) . Each PCR product was arrayed in adjacent duplicate spots. After printing, slides were dried, UV cross-linked with a Stratalinker (Stratagene) at 150 mJ, and stored in a slide box in a desiccator at room temperature until they were needed for hybridization.
Synthesis of Fluorescent Probes
Three micrograms of amplified RNA or mRNA was mixed with 3 g of random hexamers in a total volume of 15.5 L, denatured at 70ЊC for 10 min, chilled on ice, added to a 14.5-L reaction mixture with a final concentration of 1ϫ Superscript II buffer, 10 M DTT, 500 M each of dATP, dGTP, and dCTP, 200 M 5-(3-aminoallyl)-2Ј-deoxyuridine 5Ј-triphosphate, 300 M dTTP, and 400 units of SuperScript II reverse transcriptase, and incubated at 42ЊC for 1 h. Then, 1.5 L of 20 mM EDTA was added to stop the reaction. Subsequently, 15 L of 0.1 N NaOH was added and allowed to incubate for 20 min at 65ЊC to degrade RNA. After the addition of 15 L of 0.1 N HCl to neutralize the NaOH, the sample was purified on a Microcon 30 column (Millipore) and concentrated to 10 L, and 0.5 L of 1 M sodium bicarbonate, pH 9.0, was added. The sample was mixed with 0.1 mg of monofunctional N-hydroxysuccinimide-ester Cy3 or Cy5 dye (Amersham) and incubated at room temperature in the dark. After 1 h, 4.5 L of 4 M hydroxylamine (Sigma) was added, and incubation was continued for 15 min at room temperature in the dark to quench the unreacted Cy dye. Cy3 and Cy5 probes were pooled according to the experiment design, purified on Microcon 
Hybridization
The slides were prehybridized according to published methods (Hegde et al., 2000) . The fluorescent probe mixture was heated at 100ЊC for 3 min, centrifuged at 13,000 rpm for 5 min, applied to a prehybridized microarray slide, and covered with a cover slip. The array was placed in a hybridization chamber (TeleChem) and hybridized at 42ЊC overnight. The next morning, the array was washed at room temperature in 1ϫ SSC and 0.2% SDS for 4 min, in 0.1ϫ SSC and 0.2% SDS for 4 min, and in 0.1ϫ SSC for 4 min and then centrifuged briefly.
Microarray Analysis
Arrays were scanned with a ScanArray 5000 (Packard, Meriden, CT). Both Cy3 and Cy5 channels were scanned at a resolution of 10 m. The photomultiplier tube and laser power settings were adjusted during scanning so that the ratios of signal intensities for the two channels for the majority of the spots were as close to 1 as possible. Fluorescent signal intensities were determined using ImaGene software (Biodiscovery, Marina Del Rey, CA). The intensity of each channel for each spot was calculated by determining the median value from all of the pixels in that spot and then subtracting the intensity of the local background. Spots that had intensity values below the local background, or below 100 in both channels, were excluded from further analysis.
Microarray data are linked at http://www.plantgenomics.iastate.edu/ microarray/.
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